Abstract A set of four in-vessel saddle coils was designed to generate a helical field on the J-TEXT tokamak to study the influences of the external perturbation field on plasma. The coils are fed with alternating current up to 10 kA at frequency up to 10 kHz. Due to the special structure, complex thermal environment and limited space in the vacuum chamber, it is very important to make sure that the coils will not be damaged when undergoing the huge electromagnetic forces in the strong toroidal field, and that their temperatures don't rise too much and destroy the insulation. A 3D finite element model is developed in this paper using the ANSYS code, stresses are analyzed to find the worst condition, and a mounting method is then established. The results of the stress and modal analyses show that the mounting method meets the strength requirements. Finally, a thermal analysis is performed to study the cooling process and the temperature distribution of the coils.
Introduction
Resonant magnetic perturbations are of great importance for tokamak plasma. They lead to rotation of the edge plasma, through which magnetohydrodynamic (MHD) instabilities can be studied. To produce such magnetic fields, a set of four in-vessel saddle coils is designed with current up to 10 kA and frequency up to 10 kHz.
To control and influence the MHD instabilities, external magnetic perturbation fields are popular among tokamak devices. DIII-D [1] installed a set of 12 internal coils with water-cooled hollows located behind protective armor tiles. The ASDEX upgrade installed a set of 16 in-vessel saddle coils which were cooled by water and mounted at the passive stabilizing loop [2, 3] . KSTAR succeeds in enhancing the coil system with no welding inside the vacuum vessel [4] , and J-TEXT is a mid-sized tokamak with a smaller vacuum chamber [5] . Coils with internal coolant holes will be used and welded onto the inner vacuum vessel. Different methods are used to analyze the structural and thermal stabilities of the coils. This paper describes the structure of the coils, the design process of mounting, and the stress and thermal analyses with the ANSYS code [6∼8] .
Coil structure
In the J-TEXT tokamak, the cross-section shape of the plasma region is circular, with a major radius of 1.05 m and a minor radius of about 0.27 m. Its centerline field reaches 3 T. Due to the limited space in the vacuum chamber, the plasma region has a distance of only about 60 mm to the up vacuum-chamber wall and 73 mm to the lower field vacuum-chamber wall (near the mid-plane). The existence of the movable graphite limiter decreases the space for the mounting of the coils. Once the plasma hits the coils, they will be damaged, so the size and the structure of the coils should be seriously considered.
Currently, a set of four coils will be mounted in the vacuum-chamber wall by welding (see Fig. 1 ). Two coils will be placed up and down (called the up coil and down coil) close to the vacuum-chamber wall, and one coil close to the wall in the low field region (near the mid-plane, called the mid-plane coil). As can be seen, in each set there are two types of coils: the trapezoid up and down coils and the rectangular mid-plane coils. Owing to symmetry, two trapezoid coils have the same shape.
The coils are made of copper conductors on the inside and thin stainless steel pipes on the outside, and the space between them is filled with glass fiber for insu-lation. The gap in the glass fiber is stuffed with epoxy resin to strengthen its mechanical properties, such as wear-resisting property. The copper conductor is made of oxygen-free copper with a radius of 8 mm and a wall thickness of 4 mm (see Fig. 2 ). 
Stress analysis
The electromagnetic force can be obtained by j×B. The current consists of two parts: the normal 10 kA current and the induced current caused by the plasma disruption. In extreme circumstances, the induced current flows instantaneously along the same path in the same direction as the nominal 10 kA current, which contributes to a significant electromagnetic force in the coil. Besides, due to the different positions where the coils will be placed, the currents induced in them will be different and each coil bears a different force. So, the up and down coils and the mid-plane coils, during the ramping and disruption of the plasma current, will be separately analyzed by electromagnetic-stress analysis.
Plasma disruption and the induced current
There are two main types of plasma disruption scenarios: plasma-centered disruption and the vertical displacement event. When a disruption happens, the plasma current soon quenches, leading to a large flux change in the coils. According to Lenz's law, the induced current will be generated. In a normal shot, the plasma current rises in about 0.05 s and falls off in about 0.2 s. However, when the plasma current disrupts, it falls off so quickly that it leads to a large flux change in the coils in a very short time, which induces large voltages in the coils. Meanwhile, huge induced currents occur because the resistances of the coils are very small.
On the basis of the experimental current waves for plasma on J-TEXT, it takes more than 0.01 s to disrupt. A typical plasma current curve versus time is shown in Fig. 3 . In the worst condition, the plasma current disruption happens as quickly as 0.01 s, during which time the total flux φ in the coil changes tremendously and produces great instant current, resulting in a huge electromagnetic force [9, 10] . By applying Stokes' theorem, the flux of a coil is calculated through a line integral of magnetic vector potential A around a closed contour along the coil by
If R and L represent the coil's resistance and inductance, ϕ represent the variation of the coil's magnetic flux during the plasma disruption, the induced current I induced can be calculated by
To reduce the amount of calculation needed, only part of the plasma region is built (see Fig. 4 ). The closed loop below represents the down-coil plane. As the mechanism of plasma disruption is not clear so far, it is simply assumed that the plasma moves towards the coil and them disrupts. When the plasma region moves towards the downcoil plane in the vertical direction (see Fig. 4 ), the flux in the coil increases at first and then decreases. When the plasma moves towards the mid-plane in the horizontal direction, the coil's flux increases continuously. During this process, the maximum magnetic flux variation of the coil reaches 0.2188 × 10 −1 Wb. According to Eqs. (1) and (2), the induced current is I induced = 9.84 × 10
−6 H). In this condition, the maximum instant total current in the copper conductor may reach 19.84 kA due to superposition.
Simplified stress calculation model
In order to reduce the computational complexity and obtained an accurate result, part of the coil is built (see Fig. 5 ). Both ends of the pipe are the strengthening parts, which are welded onto the inner surface of the vacuum-chamber wall through their up-sides. To achieve a reasonable outcome, the coils are meshed with hexahedral-shaped elements. The strengthening parts and the air layer are meshed freely with tetrahedralshaped elements. The solution involves two parts: the electromagnetic solution and the stress solution. In the electromagnetic analysis, the total current is applied to the copper conductor. The imposed external magnetic field (that represents the 3 T toroidal magnetic field) is vertical to the current. Then magnetic forces are obtained through j×B; in the stress analysis, the electromagnetic force is transferred as the load. The proper length between the strengthening parts is obtained through this analysis. 
Electromagnetic-stress analysis results
The purpose of the analysis is to determine the length of the strengthening parts arranged along the coils. Its main limit is the mechanical properties of the stainless steel pipe, which has a yield limit of 170∼210 MPa, and thus a minimal stress limit of S A = 170/2.2 = 77.27 MPa. As can be seen from Table 1 , the maximum magnetic flux variation and induced current in the up and down coils are much bigger than the mid-plane coils when the plasma current breaks off. This occurs because the mid-plane coils are rectangular, and plenty of the magnetic fluxes flow in and then out again. The up and down coils are trapezoid, with their long sides much wider than their short sides, so they don't work out as up and down coils. Consequently, the induced currents vary obviously and their stress analysis should be considered separately. The results of the stress analysis are shown in Table 2 . The mounting distance means the conductor distance between the strengthening parts. It is shown in Table 2 that the maximum mounting distance is 0.12 m for the up and down coils, and their maximum equivalent stress is 75.13 MPa at the two ends of the conductor, which is smaller than the permissible value. The maximum deformation takes place in the center of the conductor with a value of 0.0176 mm. As for the mid-plane coils, the mounting distance can be much larger. The proper distance is 0.135 m, the maximum equivalent stress is 71.28 MPa and the maximum deformation is 0.01873 mm at the middle of the coils. In conclusion, the mounting distance of the up and down coils should be no more than 0.12 m, and 0.135 m for the mid-plane coils, otherwise the allowable stress of the steel shell will be exceeded and the coils will be damaged [11] . Fig. 6 shows the stress distribution of a 0.08 m long down-coil. The maximum stress, 31.9 MPa, happens at the ends of the coil and the maximum deformation, 0.0052 mm, at the center, which agrees well with the law of mechanics. Fig.6 The stress distribution of a pipe 0.08 m in length (color online)
Design verification
According to the electromagnetic-stress analysis, a mounting plan is formulated, and a full model of the down coil with strengthening parts is built to verify its stress distribution, deformation and natural frequency. The whole model is shown in Fig. 7 .
The strengthening parts are arranged so that one is inserted almost every 90 mm, shorter than the 120 mm analyzed above. So there are 13 strengthening parts for the down coils, with their top sides welded onto the inner wall of the vacuum vessel chamber. Fig. 8 shows the results of the electromagnetic and stress analyses of the down coil. As can be seen from Fig. 8(d) , the maximum stress is 5.08 MPa, which is very small. The maximum stresses happen in places where the strengthening parts are arranged, while the maximum deformations occur in places between two strengthening parts with a value of 0.000278 mm. Stress and deformation in two of the four sides of the coil are obviously larger than the other two, for the currents flow in are almost vertical to the 3 T toroidal field. Fig.7 The fixing of the down coil (color online)
To make sure the coils will not be damaged because of resonance incurred by the electromagnetic forces, a modal analysis is carried out using the model shown in Fig. 7 . Results show that the basic natural frequency of the coil is 4521 Hz. It indicates that during operation, currents with a frequency near 4.5 kHz should be avoided. 4 Thermal analysis [12] The thermal environment in the vacuum chamber is very complex. During operation, the coils are mainly heated by three heat sources: the Joule heat of the 10 kA normal current, the Joule heat generated by the eddy currents in the stainless steel pipe, and the plasma radiation. The currents flowing in the coil contribute to most of the temperature rise. So the other two parts are ignored in this analysis. Heat accumulation will damage the insulation if the heat does not dissipate in time. What's even worse, great thermal stress will occur if the temperature of the coil keeps rising, which is not expected to be seen.
The analysis includes two stages. First the initial temperature of the coil is measured, and second the amount of water needed to cool the coil is determined. In J-TEXT, the duration of one discharge is about 500 ms. Normally, it takes about 5 minutes before the next discharge. Water in the coil is supposed to remove all the heat in the interval between the two shots. A twodimensional FEA model is used here to analyze the cooling process. In the thermal analysis, the maximum temperature rise is 12
• C (see Fig. 9 ). Then the temperature is taken as the initial temperature of the coil in the transient computational fluid dynamics (CFD) analysis. In the transient CFD analysis, it is supposed that the average temperature of the coil is 316 K. Water flows into the pipe through the inlet with an initial temperature of 303 K and a velocity of 1 m/s. The cooling water is taken as turbulent uncompressible fluid. The results are shown in Fig. 10 , where TEMP 2 represents the temperature shift at a node in the coil inlet, while TEMP 3 represents a node at the coil outlet. Clearly, the temperature fall at the outlet is much slower than the inlet, as the water is heated through the coil and leads to a low heat exchange rate at the outlet. After about 2 minutes, the coil temperature falls to 303 K, indicating that the heat caused by the current has been taken away. This time is shorter than 5 minutes and satisfies the cooling demand. 
Summary
This paper described the structure of resonant magnetic coils and verified their stress and thermal instabilities. Several factors influence the design: the structure and space of the J-TEXT tokamak device, the desired magnetic field in the device, the electromagnetic force the coils will undertake, the thermal environment in the vacuum chamber, the difficulty level of installation, and so on.
What is mainly discussed includes three parts: firstly, a mounting distance is obtained through an electromagnetic-stress analysis. It is recommended that the fixing distance should be no more than 0.12 m for the up and down coils and 0.135 m for the mid-plane coils. Secondly, a verification of the designed mounting plan is carried out to obtained the stress distribution and the natural frequencies of the coils. The results show that it is safe enough to mount in this way. Besides, the modal analysis indicates that the current should avoid the frequency of 4.5 kHz in case resonance occurs. Finally, a thermal analysis is performed. The coil temperature is demonstrated by the analysis to fall to the environmental level in about 2 minutes, which keeps the coils at low temperature and meets the cooling requirements.
